The amplitudes of the quasi-static electromagnetic fields generated at points on the seafloor by harmonic dipole sources (vertically directed magnetic dipoles, horizontally directed magnetic dipoles, vertically directed electric dipoles, and horizontally directed electric dipoles) also located on the seafloor are computed using a numerical integration technique. The primary purpose of these computations is to obtain field amplitudes that can be used in undersea communication studies. An important secondary purpose is to examine the enhancements of the fields produced at moderate to large distances by the presence of the relatively less conducting seafloor, as compared with the fields produced at the same distances in a sea of infinite extent, for frequencies in the ULF/ELF bands (frequencies less than 3 kHz). These latter enhancements can be surprisingly large, with increases of 4 orders of magnitude or more being typical at distances of 20 seawater skin depths.
INTRODUCTION
Because of the high attenuation involved (55 dB/ wavelength), communication through seawater by means of freely propagating electromagnetic waves is difficult to accomplish and is usually restricted to frequencies in the lowest part of the radio band, where the wavelengths are largest, and to ranges that are short in comparison to those that can be achieved at the same frequencies above the sea surface. While it does not yet appear possible to avoid this high attenuation when the transmitter and receiver are both deeply immersed and separated from interfaces with other media by many seawater skin depths, a number of studies have suggested that increased range can be achieved by locating the submerged transmitter and receiver near to the sea surface and utilizing the "up-over-and-down," or "surface," mode of propagation [e.g., Moore at the receiver above those predicted by our computations. However, because our transmitter and receiver are located on the seafloor, and therefore some distance above the probable center of the duct, the increase in the field levels is much more likely to be due to a lower effective seabed conductivity than to any ducting of fields.
Although we refer to the seabed "mode of propagation" in this work, we should point out that the mode is not a clearly defined theoretical entity as are, for example, the transverse magnetic, transverse electric, and transverse electromagnetic modes in waveguides. We use the term to distinguish the fields propagating primarily through the seabed from those propagating (1) directly through the sea ("direct mode"), (2) in the up-over-and-down mode ("surface mode"), or (3) in a variety of higher-order modes. . However, we believe its primary application is in undersea communication. This application appears promising for the following reasons. First, as we will show in this paper, the seabed propagation mode offers ranges that may be large in comparison with those that can be achieved directly through seawater. Second, the ambient noise level on the seafloor is likely to be much lower than at the sea surface. Third, unlike other possible undersea transmitter-receiver configurations, once a transmitter and receiver have been installed on the seafloor, their positions are unlikely to change in the long term, and they can be comparatively easily located again for maintenance, if necessary. Finally, it would be possible to colocate a chain of receiver-transmitter pairs (analogous to the repeaters used in other communication links) on the seafloor between the primary transmitter and receiver and thus achieve increased range.
CALCULATION
OF FIELD COMPONENTS Figure 1 shows the geometry employed in the calculation of the electromagnetic field components produced at points on the seafloor by harmonic dipole sources also located on the seafloor. A cylindrical coordinate system (r, •b, z) is used, and the dipoles, of moment m (magnetic dipoles) or p (electric dipoles) and angular frequency co (co = 2rrf), are placed at the origin with the vertical dipole moments directed upward along the z axis and with the horizontal dipole moments directed along the x axis (•b = 0). The seafloor is the plane z = 0, the region z > 0 is seawater (permittivity e s, permeability #o, conduc-tivity as), and the region z < 0 is the seabed, which is assumed to be a homogeneous conducting half-space with permittivity es, permeability tto, and conductivity af. The field components are computed at points P(r, •p, 0). We consider all major categories of dipole sources: vertically directed electric and magnetic dipoles (VEDs and VMDs, respectively) and horizontally directed electric and magnetic dipoles 
but for the conducting media and frequencies of interest in this work (ULF/ELF; frequencies less than 3 kHz) the displacement current term co2#e may be neglected. This is a common approximation in the computation of electromagnetic fields produced by harmonic dipole sources in the presence of conducting media. It is often made as part of the "quasistatic approximation," which is applicable when the source-receiver distances are much less than a free space wavelength [Kraichman, 1976] . This condition is always well satisfied for the source receiver distances considered in this paper, and thus our data could be said to apply under the conditions of the quasi-static approximation. However, the terminology appears to have little significance when the propagation paths are confined to conducting media. We evaluated the dipole field expressions numerically, using the techniques described by Bubenik [1977] . The dipole moments were set equal to unity The presentation of the field data is similar, but not identical, to presentations used previously by Bubenik and Fraser-Smith [1978] and Fraser-Smith and Bubenik [1979, 1980] . First, we present a series of curves that give, in this case, the actual amplitudes of the fields produced on the seafloor by a particular unit moment dipole that is also located on the seafloor. Next, we present additional curves that give the ratios of the amplitudes of the fields produced by the dipole in the presence of the seabed to the amplitudes produced under otherwise identical conditions by the dipole submerged in the sea of infinite depth. These latter curves enable us to identify the changes produced in the fields specifically by the presence of For comparison with our dipole field data we also computed numerical values for some of the field components produced by an HED located on the seafloor using the approximate expressions given by King [1985a, b] . Specifically, we took the two expressions for the HED electric field component given by King [1985a, equations (10b) and (45a) Comparing the fields generated along the seafloor, we see that there are some major differences between dipole types. In particular, for low seabed conductivities, the HED and HMD produce much larger fields at large distances than do the VED and VMD. The difference is substantial, amounting to 2 orders of magnitude at a distance of 1006, for as/a., -0.001.
This result is in agreement with the more restricted observation by Friernan and Kroll [1973] that an HED was far superior to a VED for producing ULF fields along the seafloor. We might also comment that the VED also appears inferior to other dipole types for producing fields at short to moderate distances (r < 106.,), particularly when the seabed has a low effective conductivity.
In conclusion, this study makes evident the important role that the seafloor could play in undersea communication by means of freely propagating ULF/ELF electromagnetic waves from harmonic dipole sources located on or near the seafloor. The combination of possible large seabed enhancements of the fields, comparatively low noise levels from atmospheric sources, and a fixed surface on which repeaters can be located could well make feasible the utilization of the seabed as a communication medium.
